Both increased adrenal and peripheral cortisol production, the latter governed by 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1), contribute to the maintenance of fasting blood glucose. In the endoplasmic reticulum (ER), the pyridine nucleotide redox state (NADP/NADPH) is dictated by the concentration of glucose-6-phosphate (G6P) and the coordinated activities of two enzymes, hexose-6-phosphate dehydrogenase (H6PDH) and 11β-HSD1. However, luminal G6P may similarly serve as a substrate for hepatic glucose-6-phophatase (G6Pase). A tacit belief is that the G6P pool in the ER is equally accessible to both H6PDH and G6Pase. Based on our inhibition studies and kinetic analysis in isolated rat liver microsomes, these two aforesaid luminal enzymes do share the G6P pool in the ER, but not equally. Based on the kinetic modeling of G6P flux, the ER transporter for G6P (T 1 ) preferentially delivers this substrate to G6Pase; hence, the luminal enzymes do not share G6P equally. Moreover, cortisol, acting through 11β-HSD1, begets a more reduced pyridine redox ratio. By altering this luminal redox ratio, G6P flux through H6PDH is restrained, allowing more G6P for the competing enzyme G6Pase. And, at low G6P concentrations in the ER lumen, which occur during fasting, this acute cortisol-induced redox adjustment promotes glucose production. This reproducible cortisol-driven mechanism has been heretofore unrecognized.
Introduction
Circulating adrenal-derived cortisol, which generated intracellularly from cortisone in various tissues, contributes to maintain blood glucose homeostasis. Only the active 11-hydroxy derivatives (cortisol and corticosterone), and not their 11-oxosteroid counterparts, inhibit glucose utilization and accelerate hepatic gluconeogenesis, both of which may avert hypoglycemia.
Cortisol serves as a counter-regulatory hormone to insulin by stimulating the gene expression of phosphoenol pyruvate carboxy kinase (PEPCK) and glucose-6-phosphatase (G6Pase), two key rate-limiting enzymes of hepatic gluconeogenesis (Yabaluri & Bashyam 2010) . This action is considered non-acute. Circulating cortisol is derived primarily from adrenal secretion, under the control of the hypothalamo-pituitary-adrenal (HPA) axis, and also from splanchnic production (as much as 25% of adrenal production), as for the latter non-adrenal source, 33% stems from the liver, the other 67% from visceral adipose tissue (Basu et al. 2004 , Andrew et al. 2005 . Few studies have confirmed that the local tissue generation of intracellular cortisol by 11β-hydroxysteroid dehydro genase type 1 (11β-HSD1) plays a role in glucose homeostasis, insulin resistance, and the metabolic syndrome (Rose & Herzig 2013) .
The endoplasmic reticulum (ER) acts as a nutrient sensor in which several intraluminal biochemical pathways integrate carbohydrate and steroid metabolism . One such ER pathway is the terminal step of gluconeogenesis and glycogenolysis, namely de novo glucose production from the hydrolysis of glucose-6-phosphate (G6P) by G6Pase, an enzyme expressed mainly in the liver and kidneys. Heretofore, no direct acute effect of cortisol on ER glucose production has been described.
Total hepatic G6P concentrations in a 24 h-fasted rat decline to as low as 0.05-0.1 mM (Young 1966 , Niewoehner et al. 1984 , Kelmer-Bracht et al. 2003 , whereas in the 48 h-fasted rat, the reported value is 0.068 mM (Nordlie et al. 1980) . Limited to no information on the cellular G6P concentration in other fasted mammals has been reported, let alone the G6P concentration in the ER. After exposing rat liver microsomes to 0.2 mM exogenous G6P for 5 min, the estimated G6P concentration in microsomal vesicles was ≈0.18 mM (0.33 nmol in 1.65 μL); this luminal value increased with increasing added extra-vesicular G6P (Bańhegyi et al. 1997) . Also, presumably, relevant to protracted fasting, it has been found that the ER content of G6P would decrease considerably with exceeding low total intracellular G6P.
During glucose production, G6P is catalyzed by G6Pase; yet, this intermediate metabolite also serves as the substrate for another luminal enzyme, tissue-specific hexose-6-phosphate dehydrogenase (H6PDH). This latter enzyme is spatially, and perhaps kinetically, linked to 11β-HSD1 (Sawada et al. 1981 , Bańhegyi et al. 2004 . H6PDH is a bifunctional enzyme exhibiting both hexose-6-phosphate dehydrogenase and 6-phosphogluconolactonase activities, in relation to the oxidative segment of the cytosolic pentose pathway. Although there is a wide distribution of tissues, the highest activity is found in the liver (Tanahashi & Hori 1980 , Mandula et al. 1970 , Blume et al. 1975 , Barash et al. 1990 . By generating NADPH, this enzyme governs the redox state of the luminal pyridine nucleotides, a pool that is kinetically, and possibly structurally, shared by 11β-HSD1. The luminal NADPH confers electrons to the oxo-reductase activity of 11β-HSD1 to such an extent that the net flux through the bidirectional 11β-HSD1 is dictated by the luminal NADPH/NADP redox milieu (Atanasov et al. 2004 . A high NADPH:NADP ratio, maintained by the facilitated transport of G6P and H6PDH activity, is a requisite for net 11β-HSD1 reductase activity, which, in turn, promotes cortisol production (Dzyakanchuk et al. 2009) .
A tripartite kinetically interactive complex of G6P-H6PDH-11β-HSD1 in the ER-lumen exists (Marcolongo et al. 2007) . It is unresolved as to whether substrate channeling exists between the G6P membrane transporter (T 1 ) and this complex. Do these two enzymes share a common G6P pool? This issue is addressed herein by two experimental approaches: (1) studies involving enzyme inhibition and (2) based on a mathematical construct incorporating Michaelis-Menten enzyme kinetics and calculating the measured reaction velocity ratios of these two enzymes.
An increase in intracellular G6P stimulates the oxoreductase activity of 11β-HSD1 by altering the regulatory NADPH:NADP redox ratio (Walker et al. 2007 , Dzyakanchuk et al. 2009 ). Conversely, NADPH may inhibit G6P oxidation by H6PDH by the law of mass action and uncompetitively with respect to G6P in rat liver microsomes (Oka et al. 1981) (Fig. 1) . We propose an antithetical schema to the widely accepted route whereby nutrient (G6P) stimulates cortisol production in the ER. Based on this 'reverse' pathway, cortisol augments microsomal glucose production by adjusting the microsomal redox to a more reduced state, thereby curbing flux through H6PDH. Under extended fasting conditions, where the cytosolic and ER pools of G6P are reduced, the cortisol-induced restraint on flux through H6PDH provides additional G6P for G6Pase. This previously undescribed metabolic construct links a direct and acute redox effect of glucocorticoids on glucose production in the ER. membranes in all the preparations was verified by measuring latency of glucose dehydrogenase (>95%) (Bublitz & Steavenson 1988b) . The aliquots were immediately frozen and maintained at −80°C until further processing.
Measurement of glucose production: G6Pase activity
G6Pase activity is based on the measurement of [ 14 C] glucose generated from [U-14 C]G6P, as described previously (Kitcher et al. 1978) . Intact rat liver microsomes (0.5 mg protein/mL) were pre-incubated for 5 min with 100 μM cortisol or cortisone dissolved in DMSO, reactions were initiated upon addition of mixture containing 0.001, 0.01, 0.05, or 0.1 mM G6P plus [ 14 C]G6P (0.5 μCi/mL) with or without 5 mM NADP. Control experiment with no added steroid contained the identical amount of DMSO. Total reaction volume was 50 μL. After incubation of samples for 30 min at 37°C, the reactions were terminated by addition of 0.5 mL of 0.3 M-ZnSO 4 and 0.5 mL of Ba(OH) 2 . The tubes were centrifuged (10,000 g) for 2 min to separate the [ 14 C]glucose (supernatant) and [ 14 C]G6P (pellet) (Arion et al. 1975) . Thereafter, a 0.5 mL portion of the clear supernatant was extracted to measure [ 14 C] glucose by liquid scintillation spectroscopy. Using this approach, more than 95% of glucose was recovered in the clear supernatant as assessed by spiking a reaction cocktail with a known amount of [ 14 C]glucose. The amount of [ 14 C] glucose in the blank (0 min) was subtracted from total [ 14 C]glucose after termination of the reaction. Glucose production is expressed as pmol/min/mg protein.
To reduce microsomal NADPH, the effect of cortisol on glucose production was evaluated in the presence of 1 mM metyrapone.
Measurement of microsomal CO 2 production: H6PDH activity
Microsomal H6PDH activity is based on the capture of 14 CO 2 released from the conversion of [ 14 C]G6P to d-ribulose-5-phosphate (Hino & Minakami 1982a , Hino et al. 1987 . Intact rat liver microsomes (0.5 mg protein/mL) were preincubated for 5 min in the presence of 100 μM cortisol or cortisone, reactions were initiated upon addition of mixture containing 0.001, 0.01, 0.05, or 0.1 mM G6P plus [ 14 C]G6P (0.5 μCi/mL) with or without 5 mM NADP. Total reaction volume was 50 μL. After incubation of samples for 30 min at 37°C, 20 μL perchloric acid (60%) was added to terminate the reaction. The 14 CO 2 released was collected in center vials containing hyamine after sitting overnight. CO 2 formation is expressed as pmol/min/mg protein. All cpm of CO 2 were adjusted by the percentage of yield based on measured 14 CO 2 in hyamine and a theoretical 14 CO 2 release from a known amount of radiolabeled G6P in a reaction with excess NADP, glucose-6-phosphate dehydrogenase, and 6-phosphogluconate dehydrogenase.
To explore the effect of a specific G6Pase inhibitors on H6PDH activity, vanadate or tungstate was added to the reactions. Intact rat liver microsomes (0.5 mg protein/mL) were pre-incubated with 50 μM inhibitor for 5 min at 37°C. The reaction was initiated by adding the substrate Figure 1 Illustration depicting luminal NADPH generation by cortisol and its effect on glucose production in the ER. By mass action, the increased NADPH alters the H6PDH kinetics in such a manner to increase the G6P pool. With glucose deprivation, and considering the nearly 1000-fold difference in the K m values between G6Pase and H6PDH, and their competition for the shared substrate G6P, the increase in the luminal G6P pool due to a cortisol-induced increase in NADPH/NADP can augment glucose output.
mixture consisting of [ 14 C]G6P (0.5 μCi/mL) plus NADP (5 mM) and increasing G6P concentrations (0.001, 0.01, 0.05, and 0.1 mM) in a final volume of 50 μL after incubating at 37°C for 30 min. Reactions were terminated as described above.
Measurement of microsomal NADPH production
Intact rat liver microsomes (1 mg protein/mL) permeabilized with the pore-forming compound alamethicin (0.1 mg/mg microsomal protein) to ensure free access of the cofactor to the ER lumen ). Thereafter, pore-formed microsomes were pre-incubated with the presence of 100 μM cortisol or cortisone for 5 min at room temperature. Reactions of the total 20 μL system were started with addition of 1 mM NADP (final concentrations) and stopped by freezing three times on solid CO 2 after 1-2 min reaction.
A sensitive micro-method was adopted for NADPH measurement based on the conversion of [U-14 C]-α-ketoglutarate to 14 C-labeled glutamate in a reaction catalyzed by excess glutamate dehydrogenase, as described previously (Sener & Malaisse 1990) . NADPH production also measured upon the addition of 1 mM metyrapone. In order to see the effect of lower concentration of cortico sterone on NADPH production, cortisol or cortisone was replaced by corticosterone (1.5 μM) or 11-dehydrocorticosterone (1.5 μM) respectively. The results were determined based on a standard curve in μmol/L (Fig. 3A) .
Statistical analysis
The cpm basal (time = 0 min) levels in the measurements of glucose, CO 2 , and NADPH were subtracted from all the subsequent time points. Data are presented as mean ± s.e.m. The significance of differences between groups was determined by Student's t-test and analysis of variance. P < 0.05 was considered significant. All statistical analyses were performed with GraphPad Prism software (San Diego, CA, USA).
Results

Vanadate effect on G6P pool of the intact hepatic ER
Previous studies have demonstrated that both vanadate and tungstate are specific competitive inhibitors of G6Pase in native hepatic microsomes (Singh et al. 1981 , Foster et al. 1998 . Vanadate is a competitive inhibitor of G6Pase in untreated microsomes with K i of 5.6 μM (Singh et al. 1981) . After the exposure of microsomes to 50 μM vanadate at varying G6P (substrate) concentrations of 0.001, 0.01, 0.05, and 0.1 mM, glucose production was inhibited compared with control by 87, 83.8, 83.3, and 82.3% respectively. Notably, in the presence of vanadate, as the G6P concentration was increased, there was a parallel increase in glucose production; antithetically, at the same time, this was accompanied by a decreasing trend of CO 2 release compared with control ( Fig. 2 ). For example, at the aforementioned G6P concentration, the increase in CO 2 production versus control progressively waned: 139, 135.8, 110.8, and 103.6% respectively. In summary, the data infer that both G6Pase and H6PDH share a common luminal pool of G6P (Fig. 2) . Tungstate experiments displayed nearly identical results as those of vanadate (data not shown).
Cortisol promotes luminal NADPH generation in rat liver microsomes
Microsomal membranes were permeabilized by 0.1 mg/mg microsomal protein alamethicin to facilitate the entry of NADP. Upon the addition of 100 μM cortisol and excess 1 mM NADP, a robust increase in NADPH content was detected in 2 min compared with control (no steroids), whereas no significant difference was noted with cortisone. The respective NADPH production rates were 15.31 ± 0.66 (cortisol) vs 0.78 ± 0.03 (cortisone) nmol/min/mg protein, confirming a copious increase in total NADPH due to the 11β-HSD1 reduction of cortisol (P < 0.001), and also significant compared with Glucose production and CO 2 release in intact rat liver microsomes exposed to vanadate. Intact rat liver microsomes (0.5 mg of protein/mL) were pre-treated with 50 μM vanadate for 5 min. The reaction was initiated by addition of 5 mM NADP plus various final concentration of G6P (0.001, 0.01, 0.05, and 0.1 mM) and terminated after 30 min.
Vanadate inhibited glucose production in concert with an increase in CO 2 . Data are presented as mean ± s.e.m. (n = 3) with 100% representing control (no vanadate). Note that the origins of the Y-axes are not set at 0.
control (0.99 ± 0.14, P < 0.001) (Fig. 3A) . A similar increase in NADPH was found when using intact microsomes in a longer reaction (data not shown). Metyrapone inhibited NADPH production by 50.9%, which decreased to 7.51 ± 0.52 nmol/min/mg protein (P < 0.001) (Fig. 3A) . In addition, low concentration of corticosterone (1.5 μM) still can stimulate NADPH production (5.18 ± 0.09 nmol/min/ mg protein) compared with control (2.17 ± 0.13 nmol/ min/mg protein, P < 0.001) and 11-dehydrocorticosterone (2.27 ± 0.20 nmol/min/mg protein, P < 0.001) respectively (Fig. 3B) . Both a high concentration of cortisol (100 μM) and a low concentration of corticosterone (1.5 μM) promoted NADPH production. Although the concentration of cortisol was approximately 66.7-fold greater than corticosterone, NADPH production was only about threefold higher (15.29 ± 0.64 vs 5.17 ± 0.08 nmol/min/mg protein).
Cortisol stimulates glucose production and inhibits CO 2 generation in rat liver microsomes
The production of glucose and CO 2 in intact rat liver microsomes (0.5 mg protein/mL) was measured with increasing G6P concentrations of 0.001, 0.01, 0.05, or 0.1 mM. In response to either added cortisol or cortisone (both at 100 μM) without NADP, cortisol increased glucose production by 48, 22, 4.7, and 10.4%, respectively, at each of the four above-mentioned G6P concentrations. Cortisol significantly augmented glucose production when compared with cortisone, an effect that was more apparent at the lowest G6P concentration. For example, G6P at 0.001 mM resulted in a significant difference (P < 0.01) in glucose production between cortisol and cortisone (42.9 ± 1.8 vs 29 ± 1.1 pmol/min/mg protein). However, at the higher concentration of 0.05 mM G6P, these respective values were 2152 ± 11.1 and 2028 ± 7.5 respectively (Fig. 4A) . Compared with cortisone, cortisol caused a significant reduction in CO 2 formation at a G6P concentration of 0.001 and 0.01 mM. At higher G6P concentration, this difference between cortisol vs cortisone became smaller (Fig. 4B) . Of note, these observations were near identical even at much lower steroid concentrations (10 μM, data not shown).
To deplete intraluminal NADPH, metyrapone (1 mM) was added to the microsomes. In support of our tenet, the metyrapone nullified the cortisol effect on glucose production at 0.01 mM G6P. Upon addition of 1 mM metyrapone, the difference in glucose production between cortisol and cortisone was no longer significant (Fig. 5) . Effect of glucocorticoids on NADPH production in permeabilized rat liver microsomes. Alamethicin permeabilized rat liver microsomes (1 mg protein/mL) were treated for 5 min in the presence of 100 μM cortisol or cortisone. The reaction mixture did not contain G6P. Reactions were initiated by addition of 1 mM NADP and terminated after 2 min. (A) Cortisol increased NADPH production significantly compared with control and cortisone, and this effect was inhibited by metyrapone. The insert depicts a standard curve for NADPH. (B) Low concentrations of corticosterone (1.5 μM) significantly increased NADPH production, whereas 11-dehydrocorticosterone was ineffective. Data are expressed as mean ± s.e.m. of three experiments; *** P < 0.001.
When replaced high concentrations of cortisol (100 μM) or cortisone (100 μM) by low concentrations of corticosterone (1.5 μM) or 11-dehydrocorticosterone (1.5 μM) in the reaction with 0.01 mM G6P, a significant difference was still observed between these two corticosteroids (207.9 ± 1.7 vs 179.3 ± 2.5 pmol/min/mg protein, P < 0.001); however, CO 2 formation was not significant (Fig. 6) .
Reaction rate ratios of glucose and CO 2 production
The velocity rates of glucose and CO 2 production in liver microsomes with cortisol and cortisone are presented in Table 1 . Using an extra-microsomal G6P substrate concentration [S 1 ] of 0.05 mM, the intra-microsomal concentration is approximate the same value (Bańhegyi et al. 1997) . After overnight starvation, in rat liver microsomes, the measured ratio of V V G H max m ax was found to be ≈16 (Bublitz & Steavenson 1988a) . If the K m for G6P is 1.7 mM for intact microsomes, the theoretical glucose:CO 2 production ratio at 0.05 mM G6P is ≈0.5 -far less than the observed ratio of 10.1 (Table 1) . One possible explanation is that the luminal G6P pool is not equally shared between G6Pase and H6PDH, possibly due to a more direct channeling of G6P to G6Pase by the T 1 transporter.
When NADP was added at 5 mM, there were a striking increase in CO 2 formation with 100 μM cortisol and cortisone. However, there was still a significant difference in CO 2 formation between cortisol and cortisone ( Fig. 7A and B) .
Discussion
The redox state maintained by the NADPH:NADP ratio plays a regulatory role in the metabolic function of the ER (Mandl et al. 2009 ). As the recognition of the inter-conversion of cortisol↔cortisone by intracellular 11β-HSD1, there has been considerable clinical interest in Cortisol and cortisone modify microsomal [ 14 C]glucose and 14 CO 2 production. Intact liver microsomes (0.5 mg protein/mL) were pre-incubated with 100 μM cortisol or cortisone for 5 min, without NADP. Reaction mixture was composed of either 0.001, 0.01, 0.05, or 0.1 mM G6P. Reactions were conducted in a total volume of 50 μL and terminated after 30 min. Data are expressed as mean ± s.e.m. (n = 3~7), **P < 0.01, *P < 0.05 vs cortisone. 
Figure 5
Stimulation of glucose production by cortisol is attenuated by metyrapone. Intact liver microsomes (0.5 mg protein/mL) were pre-incubated with 1 mM metyrapone. Thereafter, 100 μM cortisol or cortisone was added for 5 min-incubation. Reactions were initiated by addition of 0.01 mM G6P. After 30 min, reactions were terminated as described in Methods section. Before addition of metyrapone, cortisol increased glucose production by 14.3% compared with cortisone, while this stimulation was negated after addition of metyrapone. Data are represented as mean ± s.e.m. (n = 3), **P < 0.01. Note that the origins of the Y-axes are not set at 0.
the paracrine and endocrine role of the enzyme in obesity and carbohydrate metabolism. Insofar, as the net flux of this bidirectional enzyme is determined by the luminal NADPH:NADP ratio, any shift of this ratio will disturb the equilibrium of intraluminal H6PDH. Because G6P can increase this pyridine nucleotide redox ratio, thereby promoting cortisol production, we reasoned that (under certain conditions) the reverse cascade may allow this 11-hydroxy steroid to directly and promptly augment ER glucose production. First, however, experimental evidence must be adduced that the two ER enzymes (G6Pase and H6PDH) match for a common substrate (G6P). And if shared, is the G6P pool equally accessible to both enzymes? Vanadate is a potent competitive inhibitor for the phosphohydrolase activity of G6P (Singh et al. 1981) . Depending on the G6P substrate concentration, a fixed concentration of vanadate inhibited to varying degrees microsomal glucose production with a concomitant increase in CO 2 release; an observation that supports the tenet that both enzymes compete for intraluminal G6P. In summary, luminal G6P appears to be shared between G6Pase and H6PDH.
Not unexpectedly, there is a wide disparity in the reported V max and K m values for G6Pase and H6PDH. Numerous factors account for the inconsistencies: assay conditions, temperature, pH, intact vs disrupted microsomes, crude vs. purified preparations, presence of detergents, etc. Moreover, the rat species, age, gender, or nutritional status (fed vs fasting) are inconsistent in these kinetic studies. Also, isolated in vitro enzyme studies disregard possible enzyme-enzyme complexes or substrate channeling. Finally, insofar, as enzyme concentration may be a key determinant of the Michaelis-Menten constants, and considering that in vitro enzyme assays are under dilute conditions, this further undermines extrapolation to living organisms.
Assuming Michaelis-Menten enzyme kinetics and, secondly, that the luminal G6P concentration approximates the extra-microsomal concentration, the observed velocity ratio of glucose to CO 2 production exceeded the theoretical ratio (Appendix). This observation suggests that there is preferential delivery of the T 1 transported G6P to G6Pase, perhaps due to coupling of the two proteins (Berteloot et al. 1991 , Lei et al. 1996 , Xie et al. 2001 . Thus, the luminal pool of G6P appears to be not equally shared by the two enzymes, G6Pase and H6PDH.
With regard to the physiologically relevant concentrations of G6P in these experiments, the reported hepatic concentrations range from 0.05 to 0.1 mM. These represent total intracellular concentrations with no consideration of cytosolic compartmentalization. As for ER luminal concentrations, with an extra-microsomal G6P concentration of 0.1 mM, the estimated intra-microsomal concentration is 0.022 mM (Foster et al. 1991) . In rats, it is Table 1 Reaction velocities for glucose and CO 2 production.
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G6Pase and H6PDH activities (pmol/min/mg protein) were assessed in intact rat liver microsomes as described in the Methods section. Cortisol and cortisone concentrations were 100 μM; control represents no added steroid but in the presence of diluent DMSO for the steroids. NADP was not present in the reactions. Data are expressed as mean ± s.e.m. (n = 3~7). The final concentration of DMSO in each reaction vessel was less than 0.1%. Corticosterone and 11-dehydrocorticosterone modify microsomal [ 14 C] glucose and 14 CO 2 production. Intact liver microsomes (0.5 mg protein/ mL) were pre-incubated with 1.5 μM corticosterone or 11-dehydrocorticosterone for 5 min, without NADP. Reactions were initiated by addition of 0.01 mM G6P in a total volume of 50 μL and terminated after 30 min. Data are expressed as mean ± s.e.m. (n = 4), *** P < 0.001 vs cortisone.
unclear as to the hepatic intracellular G6P concentrations during prolonged fasting, let alone the corresponding ER luminal concentrations. Another consideration is that the cytosolic G6P pool itself may indeed be compartmentalized (Young 1966 , Nordlie et al. 1980 , Von WilamowitzMoellendorff et al. 2013 . So the precise cytosolic G6P concentration abutting the ER is speculative. Fasting results in a more oxidative state of the NADPH:NADP ratio in the ER lumen (Dzyakanchuk et al. 2009 , Kereszturi et al. 2010 . A diminished supply of intraluminal G6P, consequent to starvation or inhibition of G6PT, lowers the NADPH:NADP ratio, and cortisol synthesis will decline (Kereszturi et al. 2010) . Serving as a substrate for 11β-HSD1, cortisone causes a concentration-dependent decrease in NADPH, whereas the opposite occurs with its hydroxy derivative, cortisol. For instance, in liver microsomes, the generation of NADPH by H6PDH was reduced more than 20% by 0.01 mM cortisone (968-741 pmol/min/mg protein) (Bańhegyi et al. 2004) .
During fasting, cortisol production and circulating concentrations rise, without which hypoglycemia can ensue. And, even during glycogen depletion, nearly all hepatic glucose output ultimately stems from the terminal gluconeogenic enzymatic step that resides in the ER, namely G6Pase. And, in the ER lumen during fasting, the more severe the glucose deprivation, the more the NADPH:NADP redox ratio further declines (Dzyakanchuk et al. 2009 , Kereszturi et al. 2010 . For example, after 36 h of starvation, rat liver microsomes had a fivefold decrease in the luminal reducing:oxidizing ratio (NADPH:NADP), and in HEK-293 cells transfected with 11β-HSD1 and H6PDH, enzymes that govern the redox state of the ER, cortisol formation was attenuated significantly by glucose deprivation (from 100 to 10 mg/100mL). Reduced extracellular glucose lowers intracellular G6P which, in turn, reduces the NADPH:NADP redox ratio. Hence, because fasting lowers the NADPH:NADP redox ratio, and because cortisol acts to counteract this reduction, it is plausible that this hormone may mitigate severe hypoglycemia through this straightforward redox effect. Considering the Michaelis-Menten constants for G6Pase and H6PDH, the ability to do so depends on the intracellular G6P concentration. In the presence of 10 μM G6P for 10 min, cortisol production in rat liver microsomes increases nearly 40-fold consequent to increased NADPH production via H6PDH (Bańhegyi et al. 2004) . Conversely, cortisone promotes G6P flux through H6PDH as this ketosteroid will deplete intraluminal endoplasmic NADPH via 11β-HSD1.
As an effective microsomal NADPH-depleting agent, metyrapone was found to reduce NADPH production by cortisol (Fig. 3A) . Metyrapone appears to have multiple actions: competitive inhibitor of 11β-HSD1, an electron acceptor related to NADP, and can undergo reduction consuming NADPH (Sampath-Kumar et al. 1997 , Marcolongo et al. 2008 . These experiments in which the addition of metyrapone negated the difference in glucose production between cortisol and cortisone supports the role of NADPH in the schema depicted in Fig. 1 .
In the 11β-HSD1 dehydrogenase reaction, the K m for cortisol is 17 μM. However, to ensure that this substrate was unequivocally saturating, concentrations were set Effect of NADP on CO 2 formation. Intact liver microsomes (0.5 mg protein/mL) were pre-incubated with 100 μM cortisol (A) or cortisone (B) for 5 min, with or without NADP. Reactions were initiated by addition of 0.001 or 0.01 G6P. After addition of 5 mM NADP, there was a striking increase in CO 2 formation with 100 μM cortisol and cortisone. Regardless of the presence or absence of the nucleotide, there was still a significant difference in CO 2 formation between cortisol and cortisone. Data are expressed as mean ± s.e.m. (n = 3), ** P < 0.01.
high, which were more than physiological. Yet, even when the cortisol concentration was reduced to 10 μM, similar results were obtained. Also salient is that the V max and K m for rat hepatic 11β-HSD1 in the dehydrogenase direction depends on the 11-hydroxysteroid substrate, which can be either cortisol or corticosterone (Lakshmi & Monder 1988) . Notably, when corticosterone was present at a final concentration of 1.5 μM, which is in the physiological range for rats, similar percent increases in glucose production were observed (Lakshmi & Monder 1988) The classic schema conjoins carbohydrate intake to peripheral cortisol synthesis: glucose →↑G6P →↑NADPH/ NADP →11β-HSD1 →↑cortisol. Our studies, however, demonstrate that a diametric path holds true, namely cortisol reduces G6P flux through H6PDH by increasing luminal NADPH, thereby allowing more G6P for hydrolysis via G6Pase. In summary, at exceedingly low G6P concentrations during sustained fasting, cortisol can acutely augment microsomal glucose production by a direct redox action.
Appendix
Evidence can be adduced that intracellular G6P resides in several separate non-homogenous compartments, with distinct pools even within the cytosol (Christ & Jungermann 1987 , Kalant et al. 1988 , Seoane et al. 1996 , Bandsma et al. 2001 , Meijer 2002 . After entry into the ER, it is uncertain as to whether the G6P exists in a single pool, accessible equally to two luminal enzymes, G6Pase and H6PDH. Insofar, as G6P transport and hydrolysis are coupled, it is unclear whether H6PDH has identical access to this substrate as does G6Pase. Based on our studies, the latter assumption is likely correct.
Kinetic considerations
The three endoplasmic enzymatic reactions are: 
Regardless of the mechanism (ping-pong, ordered or random sequential), the above equation when B is saturating can be reduced to:
In microsomes, if A and B represent in the above equation G6P and NADP, respectively, it is reasonable to assume that the above equation applies insofar as the NADP concentrations (B in the above equation) in intact rat liver microsomes is approximately 50 µM (Bublitz & Lawler 1987 , far exceeding those of G6P (A in the above equation) under our experimental design. Furthermore, in our 30 min experiments, the microsomes were incubated with added NADP (5 mM).
After G6P enters the lumen, the two aforementioned enzymes produce glucose and CO 2 (plus other compounds). Luminal H6PHD has dual catalytic activity including G6P dehydrogenase and 6-phosphogluconolactonase activities. Its K m for G6P is low (≈1.5 μM), far less than the corresponding value of 0.5-5.0 mM for G6Pase (Waddell & Burchell 1988 , Waddell et al. 1990 , Foster et al. 1991 , Minassian et al. 1995 , Kelmer-Bracht et al. 2003 .
Reported Michaels-Menten constants:
05 5 0 » -. . (Waddell & Burchell 1988 , Waddell et al. 1990 , Foster et al. 1991 , Minassian et al. 1995 , Kelmer-Bracht et al. 2003 , When the temporal production of CO 2 production is linear, the reactions are at steady state. Under our experimental conditions, using high concentrations of NADP, the two-substrate enzyme reactions (namely vH and vPG) reduce to single-substrate MM kinetics. Note: glucose efflux rates from microsomes (via the so-called T 3 transporter) are ignored as total glucose production is measured in our assay, both which exit the microsomes and any retained in the microsomes after G6P hydrolysis. Furthermore, the non-specific hydrolysis of G6P in liver microsomes is <3% of G6Pase; consequently, this component was not included in the kinetic analysis (Burchell & Burchell 1980 Using a G6P substrate concentration [S 1 ] of 0.05 mM, the intra-microsomal concentration approximates the same value (Bańhegyi et al. 1997) . And, after an overnight starvation, in rat liver microsomes, the ratio of V V G H max m ax is ≈16 (Bublitz & Steavenson 1988a) . Using a K m for G6P of 1.7 mM for intact microsomes, the theoretical glucose:CO 2 production ratio (Eq. 5) is ≈0.5: far less than the observed ratio of 10.1 (control). One possible explanation is that the luminal G6P pool is not equally shared between G6Pase and H6PDH, possibly due to a more direct efficient channeling of G6P to G6Pase by the T 1 transporter.
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